Presentation and experimental validation of a model for the effect of thermal annealing on the photoluminescence of self-assembled InAs/GaAs quantum dots J. Appl. Phys. 107, 123107 (2010) The evolution of InAs quantum ring ͑QR͒ formation and the corresponding optical properties were investigated by atomic force microscopy ͑AFM͒ and photoluminescence ͑PL͒ spectroscopy. Just like a nanoscale volcanic eruption, the transformation from quantum dots ͑QDs͒ to QRs using the capping and annealing process depends on how much InAs is removed from the center of the dots to the surrounding areas. The final structure was found to depend on the annealing temperature and the cap layer thickness. We have investigated the QR formation at different stages using various growth conditions. The findings provided a clear picture on the mechanism of ring formation. We were able to obtain QRs with various geometries by controlling these growth parameters.
I. INTRODUCTION
The ability to tailor the geometry of self-assembled semiconductor quantum dots ͑QDs͒ using in situ growth control has provided ways for us to grow interesting nanostructures. In particular, semiconductor quantum rings ͑QRs͒ fabricated by morphological changes of QDs using a capping and annealing process during the molecular beam epitaxial ͑MBE͒ growth have been demonstrated. [1] [2] [3] [4] [5] [6] [7] The nanoscale ring structure, due to its unique rotational symmetry, exhibits many interesting phenomena, such as the unusual excitation properties [8] [9] [10] [11] and the Aharonov-Bohm effect. 12 For the formation of InAs QRs in GaAs matrix, the capping and annealing procedure with a thin GaAs or AlAs layer deposited on top the InAs QDs followed by annealing is commonly used. The partially capped QDs allow outward migration of In atoms from the tips of the dots to the surrounding region during annealing. Quantum rings are therefore formed because of the depletion of In at the center of the dots.
The mechanisms of the shape changes in partially capped InAs islands after annealing have been discussed previously. The outward migration of In atoms from the QDs has been attributed to ͑1͒ a higher In surface mobility ͑com-pared to Ga͒ at the annealing temperature that causes the outward "diffusion" of In atoms from the uncovered InAs dots 1,2 and ͑2͒ the instability at the interface between the exposed InAs droplets and the surrounding solid GaAs providing an outward driving force for the uncovered InAs. 2, 13 Therefore, the whole process is quite complicated. The surface migration ͑referred to as diffusion in Ref. 2͒ depends on the temperature and the duration of annealing, and the imbalanced surface tension at the solid-liquid interface depends on the shape of the InAs dots and the cap layer thickness.
In this work, we have studied the evolution of quantum ring formation from QDs. We have found that the geometry of the QRs depends critically on the annealing conditions and the cap layer thickness. The geometry and the optical properties of QRs at each stage of ring formation are recorded. We found that by controlling the amount of In migration, the shape of the rings can be controlled. This study also provides insights on the ring formation mechanisms, which had not previously been understood.
The samples used in this study were grown on GaAs ͑001͒ substrates by a Varian GEN II solid-source MBE system with a valved cracker source of Arsenic. A single InAs QD or QR layer was sandwiched between two GaAs barrier layers. An additional InAs layer with the same growth condition as the embedded InAs layer was grown on the surface for the purpose of AFM measurement. Except the region near the InAs layer, the GaAs barrier layers were grown at 590°C for better quality epi layers.
The surface morphologies of our samples were characterized by a Digital-Instrument-D3100 AFM using the tapping mode. The emission spectra of the QDs and QRs were measured by photoluminescence ͑PL͒ spectroscopy. The samples were photoexcited by an Argon ion laser with the 514.5 nm line and were mounted in a close-cycled Helium cryostat for low temperature measurement.
II. EFFECT OF ANNEALING TEMPERATURE AND DOT SIZE ON THE RING FORMATION
To investigate the effect of annealing temperature on quantum ring formation, three samples ͑I, II, and III͒ with the same growth condition of QDs were prepared but capped and then annealed at different temperatures. The QDs were formed by depositing 2.6 MLs of InAs with a growth rate of 0.055 m / h and a growth temperature of 520°C under As 2 atmosphere. For sample I, after the QD growth, GaAs with 1 m / h growth rate was continuously grown to entirely cap the dots. No additional annealing step was used. But for sample II ͑III͒, after the dot growth was finished, the substrate temperature was ramped down rapidly to 450°C ͑470°C͒ for the following capping and annealing process: a thin GaAs layer of 2.5 nm with 1 m / h growth rate was deposited to partially cap the dots and then a 50 s interrupa͒ tion under As 2 flux was performed at the same temperature for annealing. Finally, the GaAs barrier layer with 1 m/h growth rate was grown to complete the growth process. Note that this high growth rate for GaAs barrier was needed to minimize the deformation of the morphology of the as grown structure.
Their AFM images and the corresponding surface profiles of the individual dots or rings are shown in Fig. 1 . We can see very clearly that after the capping and annealing process, the shape of the QDs was changed dramatically. The original QDs, shown in Figs. 1͑a͒ and 1͑aЈ͒, changed to a volcanolike structure ͓sample II or Figs. 1͑b͒ and 1͑bЈ͔͒ or a ring structure ͓sample III or Figs. 1͑c͒ and 1͑cЈ͔͒ depending on the annealing temperature. At a lower capping and annealing temperature of 450°C, the outward migration of In atoms from the uncovered top of each dot left behind a volcano shaped structure as shown in Fig. 1͑bЈ͒ . When the capping and annealing temperature was raised to 470°C, more In atoms moved out of the dot leaving behind a deep hole in the center depleted of InAs. In this case, a complete ring was formed. It should be mentioned that the surface profiles shown in Fig. 1 have different elevations, or height references. In sample I, with the dot profile shown in Fig. 1͑aЈ͒ , the QD stands on the wetting layer and the whole dot is visible. For samples II and III, however, the base height is elevated because of the cap layer coverage. Although the amount of GaAs deposited for the cap layer was 2.5nm, the actual thickness of the cap layer was estimated to be ϳ3.4 nm due to the presence of the QDs, whose tips were not covered ͑based on the size and the density of the QDs, 26% of the surface was covered by the dots in the QD layer͒. So for these two samples ͑II and III͒, a large portion of the InAs volcanos and rings lies below the surface of the cap layer. The actual height of the volcano shown in Fig. 1͑bЈ͒ If we look very closely at the surface image of sample I shown in Fig. 1͑a͒ , two groups of dots with different sizes are seen. Such bimodal size distribution is quite common in self-assembled QD growth. It is because that at a given growth condition, there is an optimum QD size and the number of nucleation sites. When the optimum size is reached, further deposition of In atoms will result in new nucleation and new dots. So the larger dots are the ones with the optimum size and the smaller ones are from later nucleations. 14 The surface profile of a typical larger size dot is shown in Fig. 1͑aЈ͒ . The height was around 14 nm and the base diameter was around 45 nm. For the smaller size dots, the typical height was 9 nm and the base diameter was 38 nm ͑not shown here͒. Now as these dots are covered by a thin cap layer, the uncovered portion of the dots is different depending on the size of the dots. Obviously the larger ones have a larger portion exposed and the smaller ones have a smaller portion exposed. When the samples are annealed, these two types of dots evolve into rings differently. A closer look at Fig. 1͑b͒ , which underwent 450°C capping and annealing, indeed reveals two groups of dots, one with a small depression at the center and the other without. Figure 1͑c͒ of sample III, annealed at a higher temperature of 470°C also shows two groups of rings with two different sizes.
The PL emission spectra of the three samples are shown in Fig. 2 . The excitation power used was purposely kept low to ensure only ground state emission is allowed. The bimodal FIG. 1. ͑Color online͒ The 1 ϫ 1 m 2 AFM surface images of ͑a͒ sample I ͑quantum dots͒, ͑b͒ sample II ͑quantum volcanos͒, and ͑c͒ sample III ͑quan-tum rings͒, and the representative surface profiles of individual structure in each sample. ͑aЈ͒, ͑bЈ͒, and ͑cЈ͒ represent the QR evolution from the group of large dots but ͑cЉ͒ represents the final ring structure coming from smaller dots.
FIG. 2.
The photoluminescence spectra of sample I to III under low excitation power ͑ϳ1 W/cm 2 ͒ at 13 K.
distribution of the QDs in sample I, which was not annealed, is clearly seen with two emission peaks. After annealing at 450°C, the emission peak of sample II, shifts to a higher energy. Although it appears to be only a single peak, a careful fitting with Gaussian curves reveals there are actually two Gaussian distributions, a higher sharp peak at 1.163 eV with a FWHM of 27 meV and a lower broad peak at 1.176 eV with a FWHM of 52 meV. We attribute the larger peak to the emission from the nano-volcanoes, which were evolved from the larger QDs. The shift in energy is readily understood because the height of the dots has been reduced as the nano volcanoes were formed ͓see Figs. 1͑aЈ͒ and 1͑bЈ͔͒. The smaller peak was from the smaller dots. Because the emission wavelength of this peak is almost the same as that of the smaller dots in sample I, it is most likely that there has not been any change in the shape of the dots. The inability to change shape suggests that their tips were not exposed but instead covered by the GaAs layer during the annealing step. The reason for the coverage is probably due to the poor mobility of the deposited Ga adatoms at 450°C. Further shift in emission peak to higher energy is observed for sample III, which was annealed at 470°C, due to further reduction in the height of the dots as rings are formed. Again two peaks are seen. The larger peak, at 1.301 eV, is originated from the rings evolved from the group of QDs with a larger size. The shoulder peak at a lower energy of 1.276 eV comes from another group of rings that are evolved from the original smaller QDs. These small dots, which were unchanged after 450°C annealing, now have also changed to ring structures. The higher capping/ annealing temperature causes the tips of the smaller dots also exposed because of the increased surface mobility of Ga atoms. Because a less amount of InAs is removed from the tip, the shift in energy of the emission peak is less than that of the larger rings. The surface profiles of these two kinds of rings are shown in Figs. 1͑cЈ͒ and 1͑cЉ͒ . The larger rings, which are originated from the larger dots, have a very deep hole at the center. The height is about 4.4 nm and the outer diameter of the rim is around 81 nm ͓Fig. 1͑cЈ͔͒. Comparing to those formed after 450°C annealing, the volcano shaped structure has turned into a ring structure. For the rings that were originated from the smaller dots, the center hole is not as deep and the base is not as wide as the larger rings but the rim is higher ͓Fig. 1͑cЉ͔͒. So clearly, the ring formation is at an earlier stage comparing to the larger ones. In other words, the smaller dots, after they are partially capped have smaller driving force for shape transformation than the larger QDs. As will be described in the following section, this can be explained by the difference in the degree of surface tension imbalance for the different size dots as they are partially covered.
III. EFFECT OF CAP LAYER THICKNESS ON RING FORMATION AND THE FORMATION MECHANISM
As described above, the difference in the amount of cap layer coverage for the QDs with different sizes causes difference in the final ring structure. So to get a better picture of the effect of cap layer on the ring formation, we have also prepared another group of QD samples ͑IV, V, VI, and VII͒.
In this group of samples, QDs with larger sizes were grown. 3.2 MLs of InAs were deposited at a higher growth temperature of 540°C and a lower growth rate of 0.033 m/h. Such growth condition also gave a better size uniformity for the QDs. In sample IV, the continuous capping of GaAs at 1 m / h was used for the QD reference. In samples V to VII, the partial capping and annealing process was used for the QR formation. The GaAs cap layers were deposited at 505°C and had thicknesses of 5.5 nm, 4 nm, and 2.5 nm for samples V, VI, and VII, respectively. Following the deposition of the cap layer, the samples underwent 50 sec annealing at the same temperature of 505°C.
The AFM images of these samples and the surface profiles of the representative individual quantum structures are shown in Fig. 3 . As shown in these pictures, the QDs ͓Figs. 3͑a͒ and 3͑aЈ͔͒ again transformed via volcanos ͓Figs. 3͑b͒ and 3͑bЈ͔͒ to rings ͓Figs. 3͑c͒, 3͑cЈ͒, 3͑d͒, and 3͑dЈ͔͒ after the FIG. 3 . ͑Color online͒ The 1 ϫ 1 um 2 AFM surface images of ͑a͒ sample IV ͑quantum dots͒, ͑b͒ sample V ͑quantum volcanos͒, ͑c͒ sample VI ͑quantum rings͒, and ͑d͒ sample VII ͑quantum rings͒, and the representative surface profiles of individual structure in each sample.
capping and annealing process. However, this time the factor that determines the final shape of the ring structure is not the temperature but the cap layer thickness. The amount of In that migrates out from the center portion of the dots depends on the amount of coverage of the cap layer.
In sample V, which had a thicker cap-layer of 5.5 nm, the QDs turned into volcanolike structures with the center crater about 1.4 nm deep. The rim of the volcano was 2 nm above the GaAs cap, which was ϳ6.7 nm thick ͑based on 5.5 nm deposition and 18% coverage of the surface by the initial QDs͒. So the height of the InAs volcano was about 8.7 nm, which is a great reduction from the original 18 nm height for the QDs. The InAs material that moved from the top of the dots spread out to the adjacent area above the GaAs cap. The base of the volcano that rose above the GaAs surface was widened to 99 nm. We need to bear in mind, however, the base of the volcano bottom underneath the cap layer should be still the same as that of the original QD. Judging from the AFM picture, this volcano structure is still far from a ring. However, for sample VII, which had a thinner cap layer of 2.5 nm, the final structure had a very deep hole with the In atoms almost totally depleted ͓see Fig. 3͑dЈ͔͒ . The rim of the ring, however, was only about 1 nm above the cap layer. In other words most of the ring was buried below the GaAs cap, which was about 3 nm thick. The outer diameter of the rim reached 110 nm, which is much wider than the original base diameter of the QD.
The PL spectra of the four samples described above are shown in Fig. 4 . Only one primary peak is seen for all the samples. Because of the growth condition chosen, we were able to get only one dominant size for dots. The emission peak continues to shift to higher energies as quantum rings are evolved from the original QDs due to the reduction of the height. Moreover, the quantum ring formation is accompanied by a peak width shrinkage, which can be observed clearly from Fig. 4 . The FWHM of the emission peak from the QDs decreases dramatically from 50 meV to 23 meV after the dots are transformed to QRs. This is attributed to a better uniformity in the height of the rings after annealing. Since the thickness of the cap layer should be very uniform, the fluctuation of the height of the original dots results in different exposed top areas. Subsequent annealing and the outward migration of InAs will tend to smooth out the original height fluctuation and cause the height of the final structure more uniform.
Since the QD sizes are the same for all the samples discussed here, the sample with a thicker cap layer will have a less amount of the exposed portion that can move outward upon annealing. Not only that, the migration of the In atoms from the tops of the QDs depends on the imbalance of the surface tension at the interface between the cap layer and the QD droplet. Based on this so called dewetting model, 13 it is not hard to picture that the driving force for the outward migration of In depends on how thick the cap layer is. Figures 5͑a͒ and 5͑b͒ show the scenarios of a dot capped by a thicker GaAs layer and a dot capped by a thinner GaAs layer, respectively. Because of the curvature of the lens-shaped QDs, the net forces at the corner of the interface between the dot and the cap layer are different for these two situations. Let ␥ GaAs , ␥ InAs , and ␥ GaAs/InAs denote the interfacial tension forces between GaAs and As vapor, InAs and As vapor, and GaAs and InAs, respectively. The net horizontal surface tension that pulls the InAs away from the dot would be
As a result of these imbalanced forces, InAs is pulled away from the tips of the dots to form volcanos or rings ͑note that ␥ GaAs Ͼ ␥ InAs ␥ GaAs/InAs is used here 15 ͒. Based on this equation, the pulling force is dependent on the interface angle . As Fig. 5 shows, is larger as the cap layer is thinner. So the force that exerts on the dots is increased when a thinner cap layer is used. In other words, more InAs will be pulled out of the centers of the dots to the surrounding areas.
Comparing to the case with a thicker cap layer, the crater is deeper and the base of the rim is wider. This explains why different volcano or ring structures are obtained when cap layer with different thicknesses are used.
IV. CONCLUSIONS
We have studied the formation mechanism of selfassembled InAs quantum rings in GaAs matrix obtained by the capping and annealing process. The gradual transformation from QDs to QRs was captured by the AFM surface scan and the PL measurement. The process is dependent on the annealing temperature and the cap layer thickness. The imbalance of surface tensions at the interface between InAs QDs and the cap layer provides the driving force for the outward migration of the InAs from the tips of the dots to the surrounding areas. Because of the lens shaped QDs, the interface angle depends on the cap layer thickness. A thinner cap layer, because of a larger angle, results in a larger driving force and therefore more matured rings with deeper center craters. The annealing temperature provides the thermal energy needed for the migration of InAs. By controlling these growth parameters, we were able to investigate QRs at different stages of their evolution and obtain QRs with different geometries.
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